Abstract Metabolomics is largely employed in numerous biomedical research fields, such as the study of the underlying pathology of diseases, discovery of diagnostic biomarkers, or drug development. Nowadays, the main challenge is to obtain comprehensive and unbiased metabolomic profiles due to the huge complexity, heterogeneity, and dynamism of the metabolome. To this end, mass spectrometry represents a very interesting analytical platform, since the complexity of metabolome may be overcome through the use of different orthogonal separation techniques, including liquid chromatography, gas chromatography, and capillary electrophoresis. Alternatively, direct mass spectrometry analysis has been postulated as a complementary choice to hyphenated approaches. This technique exhibits several advantages such as the ability for high-throughput screening, fast analysis, and wide metabolomic coverage, since there is not exclusion of compounds due to the separation device. The present work explores the utility of metabolomics based on direct infusion mass spectrometry for analyzing blood samples. The most important analytical concerns to be considered are discussed, including sample handling, comprehensive fingerprinting, as well as subsequent identification of metabolites, and global characterization of metabolomic profiles. To conclude, a brief review on the application of these metabolomic platforms in Alzheimer's disease research is also provided.
Introduction
Two complementary analytical platforms have predominantly been employed in metabolomic research: nuclear magnetic resonance (NMR) and mass spectrometry (MS). The potential of NMR for high-throughput analysis, along with its non-destructive character, has traditionally made this technique a very useful workhorse in metabolomics [1] . However, mass spectrometry has gained great importance in the last years due to its increased sensitivity and specificity, as well as because of its higher suitability for studying complex samples [2] . Furthermore, it is noteworthy that MS can be used to perform both qualitative and quantitative analyses, thus allowing classification of samples by means of metabolomic fingerprinting and subsequent identification of altered metabolites via fragmentation experiments. Mass spectrometry is usually coupled to various separation techniques, such as liquid chromatography (LC), gas chromatography (GC), or capillary electrophoresis (CE), in order to resolve isobaric interferences and to reduce ion suppression [3, 4] . Nevertheless, these hyphenated approaches considerably increase the total analysis time and, consequently, the inter-sample variability, which hinders obtaining valid biological information from metabolomic data. In this context, direct infusion mass spectrometry (DIMS) has emerged as a very interesting alternative with the aim to overcome these drawbacks. DIMS-based metabolomics exhibits multiple advantages, including high-throughput screening capability because of the reduced analysis time, as well as comprehensive metabolomic coverage, thanks to the lack of a previous separation step, which prevents the inherent analytical bias introduced by these selective retention mechanisms and enables the simultaneous determination of a broad range of metabolites with very different physicochemical characteristics [5] . Thus, direct MS analysis has been postulated as a suitable tool to perform a preliminary metabolomic exploration of complex samples prior to the application of orthogonal hyphenated platforms [6] .
Metabolomics based on direct infusion MS has demonstrated a great potential in numerous areas, such as disease phenotyping, nutritional research, food characterization and authentication, and environmental monitoring, as recently reviewed by several authors [5, 7] . Nevertheless, it should be noted that special care must be taken during the optimization of these analytical tools in order to maximize metabolomic coverage, particularly with regard to sample extraction and non-targeted MS fingerprinting. The selection of a proper extraction protocol is crucial in shotgun metabolomics in order to recover as many metabolites as possible from the sample. In the case of biofluids, sample treatment is usually performed by simple protein precipitation with organic solvents, while the study of tissues requires a previous step of homogenization and cellular lysis [8] . However, these procedures usually fail to extract lipophilic components that may remain adsorbed into the protein precipitates. On the other hand, another important point to be considered is the ionization conditions applied to acquire metabolomic profiles. Because of the high complexity of metabolome, different subsets of metabolites can be detected depending on the ionization polarity employed, although the positive ion mode usually provides much higher sensitivity. Moreover, the possibility of combining complementary ionization sources, such as electrospray ionization (ESI), atmospheric pressure chemical ionization (APCI), or atmospheric pressure photoionization (APPI), opens the range of measurable analytes [9] . Therefore, the combination of exhaustive sample extraction procedures with non-biased MS analysis, usually based on the complementary use of both positive and negative ion modes as well as different ionization sources, could provide a very powerful analytical approach for comprehensive metabolomic fingerprinting.
The application of these high-throughput metabolomic approaches has emerged in recent years as a very powerful strategy in biomedical research to investigate the pathogenesis of diseases and to discover candidate biomarkers for diagnosis. Particularly, these tools are very useful for studying complex and heterogeneous disorders, such as Alzheimer's disease (AD). The exact etiology of this neurodegenerative disorder is still unclear, but there is growing evidence about the involvement of multiple pathological hallmarks, including abnormal metabolism of the amyloid precursor protein, tau hyperphosphorylation, oxidative stress, mitochondrial dysfunction, abnormal metal homeostasis, and many others [10] [11] [12] . Thus, there is great interest in identifying the totality of functionally interrelated pathological changes associated with AD development and progression, for which non-targeted metabolomic analysis has previously demonstrated a huge potential, as recently reviewed [6, 13] . In this context, it is noteworthy that cerebrospinal fluid (CSF) is the most commonly employed biological matrix for diagnosing neurological disorders because its composition directly reflects brain neurochemical alterations. However, the use of peripheral samples such as blood serum or plasma is a very interesting alternative with the aim to identify simpler and cheaper biomarkers, easily translatable to the clinical practice [14] .
The present review article explores the potential of direct MS analysis for serum/plasma metabolomics, with a particular emphasis on critical issues such as sample handling, comprehensive metabolomic analysis, as well as subsequent identification of metabolites, and global characterization of metabolomic fingerprints. To this end, this work is focused on previously published papers dealing with the application of these metabolomic platforms for the elucidation of metabolic disturbances underlying Alzheimer's disease (AD) and the discovery of candidate biomarkers for diagnosis.
Direct Infusion Mass Spectrometry for Blood Metabolomics
Blood plasma and serum are the commonly employed biological samples in biomedical research due to their ability to reflect physiological responses to external stimuli, as well as to their easy accessibility, they since can be drawn in any physician's office as part of routine clinical analyses, unlike tissue (e.g., biopsies) or cerebrospinal fluid that must be obtained using invasive, and usually more expensive, sampling procedures. These peripheral samples contain high concentrations of several macromolecules, principally proteins and peptides, which must be removed prior to metabolomic analysis since they can provoke important interferences. In this sense, it should be noted that comprehensive metabolite fingerprinting requires simple and universal sample preparation protocols in order to avoid analyte losses. For this reason, deproteinization and metabolite extraction using organic solvents (e.g., methanol, acetonitrile, ethanol) has been established as the most common procedure when analyzing blood samples [8] , which allows obtaining holistic metabolomic profiles in a wide range of physicochemical properties. However, some metabolites in serum and plasma can be bound to proteins, so exhaustive extraction processes are needed to degrade metabolite-protein complexes. This is the case of highly lipophilic lipids, such as triglycerides, which may remain adsorbed into the protein fraction during the precipitation step due to their low solubility in aqueous solutions. To solve this problem, some authors have proposed the application of traditional methods for the extraction of lipids, such as the Bligh-Dyer protocol, with a great potential in lipidomic analysis [15] . However, the high lipid content of blood samples may cause ion suppression and mask the detection of other low-molecular weight metabolites, so that the use of sequential extraction procedures has become a very interesting alternative. In this sense, González-Domínguez et al. optimized a reproducible and sensitive metabolomic approach based on a two-step sample treatment and DIMS analysis for serum fingerprinting [16] . First, conventional protein precipitation was applied to obtain methanolic extracts containing polar metabolites, and then protein precipitates were again extracted with non-polar solvents to recover lipophilic compounds adsorbed into the protein fraction. On the other hand, the dilution factor is another critical issue to be considered during the optimization of the sample preparation methodology since it plays a pivotal role in the attenuation of matrix effects. Therefore, it has been demonstrated that the relationship between signal intensity and metabolite concentration is generally linear at higher sample dilutions, given that the high number of ions in concentrated samples may reduce sensitivity due to ion suppression, while at higher dilutions the beneficial effect of diminished ion suppression is lost [17] . After the extraction of metabolites, direct MS fingerprinting can be accomplished by means of different instrumental configurations [5] . Direct infusion mass spectrometry (DIMS) uses a syringe pump to constantly introduce sample extracts into the mass spectrometer, while flow injection mass spectrometry (FI-MS) is based on the infusion of samples as a plug into a stream of solvent delivered by a LC pump. With regard to the ionization source, electrospray ionization (ESI) is the most common choice due to its high sensitivity and versatility, which enables the simultaneous detection of compounds with very different polarities and molecular weights. Complementarily, atmospheric pressure chemical ionization and atmospheric pressure photoionization sources are more efficient variants for ionizing less polar compounds, with lower susceptibility to ion suppression effects than ESI. Thus, the use of different ionization sources, operating in both positive and negative ion modes, is recommended in order to maximize metabolome coverage.
The application of these high-throughput DIMS-based metabolomic approaches provides characteristic metabolic snapshots comprising numerous circulating metabolites. For instance, the analytical platform recently developed by González-Domínguez allows studying a large number of metabolites by means of the integration of four complementary metabolic fingerprints obtained after the analysis of polar and lipophilic extracts using DI-ESI-MS in both positive and negative modes of ionization ( Fig. 1 ) [16] . Metabolomic profiles acquired in positive ion mode (ESI?) exhibit numerous signals in a wide range of molecular weights, thus evidencing the great complexity of the blood metabolome. Polar extracts contain numerous low-molecular weight (LMW) hydrophilic metabolites, resulting in complex spectra in the m/z range 50-400 (Fig. 1a) . On the other hand, clusters of high-molecular mass signals (i.e., above m/z 500) were predominant in lipophilic extracts (Fig. 1b) , which could be allocated to various classes of lipids. Alternatively, the analysis of these sample extracts in negative ion mode (ESI-) yielded metabolomic profiles with a considerably lower number of molecular features. The most intense signals were observed in the LMW region of polar extracts (i.e. m/z \ 400, Fig. 1c ), although some high-molecular mass metabolites could also be detected, principally by analyzing lipophilic extracts (Fig. 1d) . Therefore, it could be concluded that the combination of sequential extraction procedures and subsequent analysis by means of complementary ionization mechanisms allows obtaining very informative metabolomic profiles. Particularly, it is worth noting the usefulness of using a second extraction step to recover lowpolarity metabolites after protein removal (Fig. 1c, d ), which provide very valuable metabolic information due to the pivotal role of lipids in biological systems. Furthermore, the integration of data acquired in positive and negative ionization modes enables the detection of metabolites with very different physicochemical properties (e.g., acidity and polarity), thus helping to get deeper insights into the complex human metabolome. retention time). However, this is not always possible due to the lack of commercial standards for multiple metabolites, as well as because of the presence of a myriad of isomers in biological samples, especially for lipid compounds. Another alternative is the querying of experimental data against metabolomic databases, without chemical reference standards (level II). This procedure has largely been employed in numerous previously published metabolomic studies to perform a putative annotation of metabolites, but a great number of discriminant signals usually remain unidentified due to the limitations of existing libraries, most of them still under development [19] . Finally, when a particular metabolite cannot be allocated following the two first levels of identification, it can be putatively characterized according to the chemical class to which it belongs (level III), or it can be reported as ''unknown'' classifier (level IV). Therefore, it is noteworthy that the annotation step is still a very important bottleneck in metabolomics. For this reason, the knowledge of tandem MS spectra of the most common metabolite classes can be of great help with the aim to facilitate the identification of discriminant compounds. In this section, a detailed discussion of metabolite fragmentation patterns is provided in order to accomplish a global characterization of metabolomic fingerprints obtained by applying the previously optimized DI-ESI-MS methodology [16] and thus demonstrate the potential of this platform for comprehensive serum/plasma metabolomics, as summarized in Fig. 2 .
Low-Molecular Weight Metabolites
This category encompasses a very large number of different low-molecular weight metabolites (LMWM, m/z range 50-300), with a great compositional diversity. The most important classes of endogenous LMW metabolites include amino acids, carbohydrates, organic acids, nucleotide derivatives (e.g., purines and pyrimidines), alcohols, and amines, among many others [20] . However, the human metabolome is also composed of other compounds from exogenous origin (e.g., drugs, pollutants) as well as microbiota-derived metabolites, thus significantly increasing the complexity of resulting metabolomic profiles. This structural and physicochemical heterogeneity considerably hinders the annotation of metabolites, which usually requires the combination of multiple MS data [21] . The identification of metabolomic features of interest generally begins with the calculation of the empirical formula on the basis of the accurate molecular mass, for which several chemical rules can be applied such as the nitrogen rule, the rings and double bonds formula, and the octet rule. The isotopic pattern also provides very useful information with the aim to deduce the total number of carbon atoms and the presence of heteroelements in the molecule (e.g., halogens, sulfur). Then, tandem MS data can be used for searching functional groups and to elucidate the metabolite structure, but the most common practice is the comparison of obtained fragmentation spectra with those available in mass spectral libraries, since de novo identification of metabolites is a very time-consuming procedure. However, it should be noted that only 5-10% of metabolites reported in the most important metabolomic databases, such as the Human Metabolome DataBase (HMDB) and METLIN, have annotated spectral data. Anyway, numerous LMW metabolites can be identified in human serum/plasma samples by DIMS analysis in both positive and negative modes of ionization, as shown by the great number of signals observed in metabolomic fingerprints (Fig. 2) .
Fatty Acids and Derivatives
Free fatty acids (FFA), also named non-esterified fatty acids (NEFA), are present at relatively elevated concentrations in blood circulation, being long-chain fatty acids (i.e., 16-20 carbon atoms) the most abundant species. These lipids can be detected in the negative ionization mode in the form of deprotonated adducts, yielding very intense signals in the m/z range 150-350 (Fig. 2b) . However, it should be noted that in-source fragmentation of derived lipids, principally highly concentrated phospholipids, may also have an important contribution to these signals, so that findings obtained by DIMS fingerprinting with regard to FFA homeostasis should be subsequently validated using complementary analytical approaches, such as gas chromatography coupled to mass spectrometry.
The oxidation of arachidonic acid, and to a lesser extent other polyunsaturated acids, by the action of cyclooxygenases, lipoxygenases, various cytochromes P450, as well as other non-enzymatic pathways, generates a myriad of signaling molecules known as eicosanoids. There are numerous classes of these hydroxylated oxidation products, including prostaglandins, leukotrienes, lipoxins, tromboxanes, hydroxyeicosatetraenoic acids (HETE), and hydroxyeicosapentaenoic acids (HEPE) among others, but the similarities in their structures and chemical characteristics allow ). These signals can be found in a narrow m/ z window (m/z 300-400 Da) and show characteristic tandem mass spectra dominated by the presence of fragments derived from the loss of the carboxylic moiety [22] . Anyway, it is worth noting that isomeric forms of these eicosanoids cannot be distinguished by DI-ESI-MS fingerprinting, which usually requires the application of LC-based methodologies.
Acylcarnitines are another class of biologically relevant metabolites derived from fatty acids that can be easily detected by DIMS-based analysis in blood samples and, especially, in tissues. The ionization of these compounds predominantly yields protonated ions [M?H] ? with molecular masses ranging from 200 to 500 Da (Fig. 2a) .
The fragmentation pattern of acylcarnitines is characterized by two signals at m/z 60 and [M?H-59]
? , derived from the loss of the trimethylamine moiety, as well as by a common fragment at m/z 85, corresponding to a rearrangement of the butyric acid chain to generate the cation [CH 2 -CH=CH-CO 2 
H]
? [23] . To conclude, several primary fatty acid amides (PFAAs) can also be found in the organism. Similarly to acylcarnitines, the most common PFAAs are detected as [M?H] ? adducts in DI-ESI(?)-MS fingerprints in the m/ z range 200-400. The collision-induced product ion mass spectra of these lipids are dominated by an acyl chain fragment observed at m/z 57 [24] . Moreover, 
Fig. 2 Global characterization of metabolomic fingerprints obtained by DI-ESI(?)-MS (a) and DI-ESI(-)MS (b) analysis of serum samples

Glycerolipids
Glycerolipids constitute a class of abundant neutral lipids, composed by mono-, di-, and tri-esterified glycerol with different fatty acids. These lipids can only be readily ionized in positive mode, and requires the use of lipophilic solvents to be extracted from biological samples. For this reason, glycerolipids are usually not detected in most of the previously published metabolomic studies based on simple protein precipitation with organic solvents. The ionization of mono-and diglycerides can be accomplished via the formation of dehydrated molecular ions [M?H-H 2 
O]
? , thanks to the presence of free hydroxyl groups. However, the most common ionization mechanism for these neutral lipids is the attachment of charged ions, such as sodium or, especially, ammonium [25] . Therefore, various peak clusters can be observed in DI-ESI(?)-MS metabolomic fingerprints when lipophilic extracts are analyzed, located around m/z 300-400 for monoglycerides, m/z 550-700 for diglycerides, and m/z 800-1000 for triglycerides. Interestingly, glycerolipids show a very informative fragmentation pattern characterized by the presence of four types of ions, namely A, B, C, and D ions, which are generated through the release of fatty acids from the glycerol backbone [26] . These ions present characteristic m/z values depending on the fatty acid contained in the glycerolipid structure as shown in Table 1 , which facilitates the annotation of these compounds and other related lipids, as discussed in the next section.
Phospholipids and Sphingolipids
Phospholipids and sphingolipids are the major constituents of cellular membranes and serve as important reservoir of fatty acids and related compounds such as eicosanoids. There are various classes of these lipids differentially distributed across the different organs and biological compartments of the organism, but all of them show similar fragmentation patterns that enable their annotation in a simple manner.
Phospholipids (PL) consist of a glycerol backbone esterified with two fatty acids and a characteristic phosphate ester group in the sn-3 position. Depending on the chemical nature of the polar group linked to the phosphate moiety, six major classes of phospholipids can be formed, including phosphatidylcholines (PC), phosphatidylethanolamines (PE), phosphatidylinositols (PI), phosphatidylserines (PS), phosphatidylglycerols (PG), and phosphatidic acids (PA). Another possibility is the presence of an alkyl or, especially, a vinyl ether group in the sn-1 position, leading to the so-called plasmalogens, usually containing choline and ethanolamine head groups (i.e., plasmenylcholines and plasmenylethanolamines). Furthermore, high concentrations of lysophospholipids (LPL) can also be found in serum and plasma samples, generated by hydrolysis of one fatty acid substituent from phospholipids. Because of the high ionization efficiency of these lipids under ESI-MS, DIMS fingerprints contain numerous phospholipid-derived signals in the high-molecular mass region of spectra acquired in both positive and negative ion modes (m/z 450-600 for LPLs, m/z 700-900 for PLs), as shown in Fig. 2 ? , respectively, arising from the elimination of the phosphoethanolamine, phosphoserine, and phosphoglycerol moieties. Alternatively, these distinctive signals -, for phosphatidic acid-, choline-, ethanolamine-, inositol-, glycerol-, and serine-derived lipids, respectively [27] . Furthermore, it is noteworthy that MS/MS breakage of ester linkages between fatty acids and the glycerol backbone enables the identification of individual species of phospholipids by means of the interpretation of ions B, C, and D generated in positive ion mode (Table 1) , or by the presence of daughter ions related to the corresponding carboxylate anions released under ESI(-)-MS fragmentation [28, 29] .
On the other hand, the structure of sphingolipids (SL) is based on a long-chain base of the sphingosine family with an amide-linked fatty acid. These SL precursors are called ceramides (CER), and they can be converted into sphingomyelins (SM) via the esterification of the ending hydroxyl group with a phosphocholine moiety. These lipids show a similar distribution in DIMS profiles to that mentioned for phospholipids, with ceramides located in the m/ z range 500-600 and sphingomyelins clustered around 700-800 Da (Fig. 2) . After tandem MS fragmentation, sphingolipids yield typical product ions at m/z 264.27 and 282.28 due to the fragmentation in the sphingosine moiety, while the cleavage of the phosphocholine head group from sphingomyelins generates characteristic fragments at m/ z 184.07 and 168.04 in positive and negative ion modes, respectively [30] .
Cholesterol and Derivatives
Various cholesterol derivatives can also be fingerprinted by DI-ESI-MS, principally using the positive ionization mode. Free cholesterol is usually detected in lipophilic extracts as a very intense signal at m/z 369. 35 adducts (m/z 404.39) is possible when ammonium salts are added to sample extracts, as described for glycerolipids. Similarly, cholesteryl esters (CE) are also exclusively detected by ESI(?)-MS analysis of lipophilic extracts in the form of adducts with common cations, such as ammonium and sodium, and they can be readily annotated, thanks to the abundant fragment ion corresponding to the cholesterol moiety (m/z 369.35), which is originated after the hydrolysis of the ester bond upon collision-induced dissociation [31] . Finally, multiple bile acids (BA) are also easily observed in metabolomic fingerprints shown in Fig. 2 2 , and H 2 CO 2 from the parent structure, and the production of typical fragments at m/z 74 for glycine conjugates as well as at m/z 124 and 80 for taurine conjugated bile acids [32] .
Application of DIMS Metabolomic
Fingerprinting in Alzheimer's Disease Research
Alzheimer's disease (AD) is characterized by neuropathological alterations originated by the deposition of amyloid b plaques and the formation of intraneuronal neurofibrillary tangles of hyperphosphorylated tau s protein. However, there is growing evidence that other numerous cellular processes can also be involved in the pathogenesis of this disorder, including oxidative stress, mitochondrial dysfunction, abnormal metal homeostasis, and many others [10] [11] [12] . For this reason, the application of holistic metabolomic approaches has demonstrated a great potential for the investigation of this multifactorial disorder. Particularly, the use of direct MS platforms has previously been described in a few research articles with the aim to elucidate pathological hallmarks associated with AD development and progression, in both human cohorts and transgenic animal models, as briefly discussed in this section. The methodology optimized by González-Domínguez et al., based on a two-step extraction procedure and subsequent DI-ESI-MS fingerprinting of serum samples, was successfully employed to identify discriminant metabolites between AD patients and healthy control subjects [16, 33] , as well as between various transgenic mice lines and wildtype littermates [34, 35] . These studies revealed significant disturbances in the homeostasis of various lipid classes (e.g., phospholipids, fatty acids, glycerolipids), energy-related metabolites, neurotransmitters, and other metabolites, thus evidencing the utility of simple and easily available serum samples in clinical research. Furthermore, these findings were then validated using orthogonal hyphenated approaches, such as UHPLC-MS [36, 37] , GC-MS [37, 38] , and CE-MS [39] , demonstrating the reliability of direct MS-based metabolomics. This DIMS platform was latterly adapted for the analysis of other biological matrices, such as urine [40] , brain [41] , peripheral organs (i.e., liver, kidney, thymus, spleen) [42] , as well as muscle, hepatopancreas, and antennal gland [43] , providing very valuable results to accomplish a preliminary metabolomic screening prior to the application of other complementary techniques. Lin et al. also described the application of DIMS-based metabolomics to investigate the characteristic neurochemical profile of the CRND8 transgenic mice. They found increased hippocampal production of neuroinflammatory eicosanoids [44] , as well as profound metabolic perturbations related to abnormal metabolism of purines and fatty acids in the cerebellum [45] . Furthermore, it is also worth noting the utility of combining complementary ionization sources in order to maximize metabolomic coverage, as recently demonstrated by applying FI-APPI-MS fingerprinting on serum samples from AD patients [46] and APP 9 PS1 mice [34] . The APPI source can be used for ionizing both polar and non-polar compounds through complementary ionization mechanisms, thus complementing ionization capabilities of ESI and opening the range of measurable metabolites. Alternatively, some authors have also demonstrated the utility of direct MS analysis to accomplish a comprehensive lipidomic characterization of multiple biological samples from both AD patients and transgenic animal models. As previously described, González-Domínguez et al. employed a modification of the Bligh-Dyer extraction protocol to investigate the serum lipidome associated with AD pathogenesis [15] . Therefore, a large number of neutral lipids could be fingerprinted, including diglycerides, triglycerides, and cholesterol derivatives, which are not easily detectable by conventional metabolomic approaches. More recently, a targeted lipidomic study also showed significant perturbations in circulating levels of plasmalogens and diglycerides [47] , thus corroborating the pivotal role of lipids in AD development. To conclude, it should also be noted the works conducted by Han et al. by applying multidimensional mass spectrometry-based lipidomics (MDMS-SL) in plasma and brain samples, which revealed significant deficiencies in levels of plasmalogens [48] , sulfatides [49] [50] [51] , and sphingomyelins [52] , as well as increased ceramides [49, 52] , in line with previous studies. Therefore, it can be concluded that high-throughput DIMS-based metabolomics presents a great potential for studying complex disorders such as Alzheimer's disease, and it could be hypothesized that it will play a crucial role in the near future of biomedical research for the elucidation of pathological mechanisms underlying diseases and the discovery of candidate biomarkers for diagnosis.
